Her4 (ErbB-4) and Her2/neu (ErbB-2) are receptor tyrosine kinases belonging to the Epidermal Growth Factor Receptor (EGFR) family. Crystal structures of EGFR and Her4 kinase domains demonstrate kinase dimerization and activation through an allosteric mechanism. The kinase domains form an asymmetric dimer, where the C-lobe surface of one monomer contacts the N-lobe of the other monomer. EGFR kinase dimerization and activation in vitro was previously reported using a nickel-chelating lipid-liposome system, and we now apply this system to all other members of the EGFR family. Polyhistidine tagged-Her4, Her2/neu and Her3 kinase domains are bound to these Nickel-liposomes and are brought to high local concentration, mimicking what happens to full-length receptors in vivo following ligand binding. Addition of Nickel-liposomes to Her4 kinase domain results in 40-fold activation in kinase activity and marked enhancement of Cterminal tail autophosphorylation. Activation of Her4 shows a sigmoidal dependence on kinase concentration, consistent with a cooperative process requiring kinase dimerization. Her2/neu kinase activity is also activated by Nickel-liposomes, and is increased further by heterodimerization with Her3 or Her4.
Her4 (ErbB-4) and Her2/neu (ErbB-2) are members of the ErbB family of receptor tyrosine kinases, with the founding member of this family being epidermal growth factor receptor (EGFR) (1) . The ErbB receptor tyrosine kinases have an extracellular domain that is involved in ligand binding and receptor homo-or heterodimerization. Their intracellular domain consists of the juxtamembrane region, tyrosine kinase domain, and C-terminal tail. EGFR, Her2/neu, and Her4 contain catalytically active kinase domains, whereas Her3 (ErbB-3) has an inactive kinase domain and must heterodimerize with another ErbB receptor in order to signal (2) . Several studies on ErbB heterodimerization have shown that Her2/neu is the preferred heterodimerization partner for the other three ErbB receptors (3) (4) (5) . These studies also provide evidence for formation of EGFR-Her3 and EGFR-Her4 heterodimers in response to ligands that bind to Her3 or Her4 (3, 6) .
Both Her4 and Her2/neu play important roles in the development and the normal physiology of the cardiovascular and nervous systems (7, 8) . Her4 and Her2/neu knockout mice both die around embryonic day 10.5 due to malformation of the cardiac trabeculae, and additionally, they are found to have abnormalities in the hindbrain or in sensory ganglia and motor nerves (9, 10) . In human breast cancers, Her2/neu geneamplification is found in 20-30% of patients, resulting in unregulated tyrosine kinase signaling that increases cancer cell proliferation, migration, and propensity to metastasize (11) . Treatment of Her2/neu amplified breast cancers with the monoclonal antibody, trastuzumab (Herceptin), forms an essential part of state of the art, breast cancer treatment (12) .
Multiple crystal structures of the extracellular domain of all four ErbB receptor tyrosine kinases 2 have been solved and provide a detailed understanding of ligand binding and receptor dimerization (reviewed in (13, 14) ). However, our structural understanding of the intracellular domain of the ErbB receptors is less complete. Multiple crystal structures of the EGFR tyrosine kinase domain have been solved (reviewed in (15) ), and in 2008, two structures of the Her4 tyrosine kinase domain were published (16, 17) . An important advance in the understanding of how ErbB receptor dimerization activates the tyrosine kinase domain came from the crystal structure of an EGFR kinase domain dimer (18) . The contact surfaces of the observed dimer are located on the C-lobe of one monomer (called the "donor" monomer) and the N-lobe of the other monomer (the "acceptor" monomer) and therefore, this dimer was named the asymmetric dimer.
Comparison of this EGFR kinase domain dimer to the structure of the cyclin -cyclin dependent kinase complex showed similarities in that the "donor" EGFR kinase domain monomer acted as a "cyclin-like" activator for the "acceptor" EGFR monomer (18) . This asymmetric dimer model was supported by biochemical studies on recombinant EGFR kinase domain protein and by mutational studies on the full-length EGFR protein. The crystal structure of Her4 kinase domain shows that it also adopts a very similar, asymmetric dimer structure (16) .
The biochemical studies on EGFR kinase domain which supported the asymmetric dimer model involved the use of a reconstituted in vitro system. In this system, the EGFR kinase domain was anchored to the surface of a liposome and brought to a high local concentration, thereby mimicking what happens in vivo on the cell membrane when the full-length EGFR protein binds its ligand and dimerizes (18) . The anchoring of the EGFR kinase domain to liposome was achieved by incorporating a polyhistidine tag on the kinase and a nickel-chelating lipid into the liposome. This in vitro system was first developed by Weis and colleagues in their studies of a prokaryotic signal transduction system that mediates bacterial chemotaxis (19, 20) . Small unilamellar vesicles (SUV's or liposomes) containing this nickel-chelating lipid were used to anchor and cluster the polyhistidine-tagged Tar chemotaxis protein and form a 3 protein complex containing Tar, an adaptor protein, and the CheA protein kinase. This complex resulted in a 180-fold increase in CheA protein kinase activity. Application of this system to EGFR allowed for in vitro studies of EGFR kinase domain dimerization and discovery of the mechanism of action of Mig6/RALT, an endogenous inhibitory protein of EGFR (21) .
In this paper, we show that this nickelchelating lipid-liposome system is broadly applicable to the ErbB receptor tyrosine kinases. Her4 binds to and dimerizes on the surface of these liposomes and this results in a marked enhancement of its tyrosine kinase activity. Likewise, Her2/neu is also activated by addition of these liposomes. This system offers the unique advantage that ErbB kinase domain heterodimerization can now be studied in vitro, and we utilize this to test predictions made by the EGFR asymmetric dimer model. Specifically, we observe that the ability of the Her3 kinase domain to activate Her4 does not follow the model predictions and that this difference is due to specific residues on the Her3 kinase domain Clobe surface.
Experimental Procedures
Chemicals and Reagents -Dioleoylphosphatidylcholine (DOPC) and Nickel-1,2-Dioleoyl-sn-Glycero-3-([N(5-Amino-1-Carboxypentyl)iminodiAcetic Acid]Succinyl)-Nickel salt (Ni-NTA-DOGS) were purchased from Avanti Polar Lipids (Alabaster, AL). Antibodies: Her2/neu phospho-Y877 antibody was from Abcam (catalog no. ab47262; Cambridge, MA) and Anti-Phosphotyrosine, clone 4G10 was from Millipore (Billerica, MA). Substrate peptide, biotin-GGMEDIYFEFMGGKKK, was synthesized by W.M. Keck Biotechnology Resource Laboratory at Yale University (New Haven, CT). γ-32 P-ATP was from PerkinElmer (Waltham, MA). Avidin and ECL reagents were from Pierce (Rockford, IL). All other chemicals and reagents were from Sigma-Aldrich (St. Louis, MO).
DNA constructs -The Her4 kinase domain (residue 702-1029) and kinase domain plus Cterminus (residues 702-1308) were cloned into the pFastBacHT vector (Invitrogen) with NotI, XbaI ends. Her4 amino acid numbering used here is based on the Her4 JM-a/Cyt-1 isoform (NCBI Refseq accession number NP_005226.1) with its signal peptide sequence included. The Her3 kinase domain (residues 693-1021) was cloned into pFastBacHT vector using EcoRI, KpnI sites. Site-directed mutagenesis was done using the Quikchange kit (Stratagene). Each construct was verified by DNA sequence analysis. Recombinant baculoviruses were prepared following the Bac-toBac protocol (Invitrogen). P2 viral stocks were titered using the FastPlax kit (Novagen, Madison, WI). The Her2/neu kinase domain (residues 705-1029) in pFastBacHT was a gift from Drs. Daniel Leahy and Aruna Sathyamurthy (Johns Hopkins University). Her3 and Her2/neu NCBI Refseq accession numbers are NP_001973.2 and NP_004439.2, respectively. Full-length Her3 and Her4 JM-a/Cyt1 isoform cDNA's were kindly provided by Dr. Graham Carpenter (Vanderbilt University).
Protein Expression -Sf9 cells were grown in shaker flasks at 27 o C and 120 rpm in IPL-41 media (Invitrogen) supplemented with 10% bovine calf serum supplemented (Hyclone), yeastolate extract (Invitrogen), penicillin, streptomycin, and Pluronic F-68. Cultures at a density of 1x10 6 cell/ml were infected at 1 MOI and incubated for 48 hrs. Cells were harvested by centrifugation then washed once with resuspension buffer (20 mM Hepes, pH 7.5, 4 mM NaHCO3, 55 mM KCl, 5 mM CaCl2, 78 mM sucrose). The pellets were snap-frozen in dry ice/ethanol bath and stored at -80 o C. Her3 and Her4 cell pellets were lysed by sonication in Buffer A (25 mM Tris-HCl, pH 8, 300 mM NaCl, 10 mM imidazole, 10% glycerol, 1 mM DTT) supplemented with PMSF, benzamidine, DNase, and protease inhibitor cocktail tablets lacking EDTA (Roche). Lysates were centrifuged for 45 min at 20,000xg. 0.2-0.5 ml Ni-NTA beads (Qiagen) were added to the supernatants and incubated on rotator for 1 hr at 4 o C. The beads were poured into a 10 ml disposable column (Bio-Rad) and the flowthrough collected. The column was washed with 10 column volumes of Buffer A + 20 mM imidazole and the proteins were eluted with Buffer A + 50-125 mM imidazole. Her2/neu cell pellets were processed the same way except the lysis buffer was supplemented with 1% Tween-20 and the protein was eluted with Buffer A + 50-125 mM imidazole + 0.01% Tween-20. Her2/neu was concentrated using an Amicon 10K spinconcentrator (Millipore) and buffer exchanged in 20 mM Tris-HCl, pH 8, 150 mM NaCl, 0.01% Tween-20, 1 mM DTT. Aliquots were snapfrozen then stored at -80 o C. Her4 and Her3 was further purified by gel filtration chromatography on Superdex 200 GL 10/300 column (GE Healthcare) using 20 mM Tris-HCl, pH 8, 150 mM NaCl, 1 mM DTT buffer. Pooled fractions were concentrated, as indicated above, snapfrozen, and then stored -80 o C. Liposome Preparation -DOPC and the nickel chelating lipid, Ni-NTA-DOGS, were aliquoted (total lipid =1 mg/ml) into glass tubes and dried under a gentle stream of N 2 . The dried lipid films were placed under high vacuum for 2 hours to remove residual solvents then stored under N 2 at -20 o C for no more than 2 weeks before use. Liposomes were prepared by a modification of the reverse phase method of Papahadjopoulos et al. (22) . One volume of diethyl ether was added to the dried lipid film followed by 1 volume of liposome buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl). The solution was then sonicated for about 20 seconds in a bath sonicator (power delivered to the bath is 80 kHz and 80 W, Laboratory Supplies Co., Hicksville, NY) to form an emulsion. The emulsion was then transferred to a 50 ml round bottom flask and rotaryevaporated to remove the ether. The resulting multi-lamellar vesicles were then used to make small unilamellar vesicles (SUV's) by the extrusion method using a mini-extruder (Avanti Polar Lipids) with 200 nm polycarbonate membranes. The diameter of these SUV's was determined to be 180-190 nm by dynamic light scattering. Total phospholipid concentration was determined by the method of Stewart (23) .
Kinase Assays -Radiometric kinase assays in solution were carried out as described in (16) . Briefly Her4 or Her2/neu kinase domain proteins were incubated in 35 mM Tris, pH 7.5, 10 mM MgCl 2 , 100 μM Na 3 VO 4 , 2 mM DTT, 100 μM ATP, 1 µCi γ-32 P-ATP, 75 mM NaCl, 5% glycerol, 0.005% Tween-20 with 100 μM biotin-GGMEDIYFEFMGGKKK as the peptide substrate in a 25 μl reaction volume. This peptide sequence was developed as an optimized peptide substrate for recombinant Her2/neu kinase domain (24) , and the K m for this peptide was previously measured to be 170 µM for Her4 kinase domain and 60 µM for Her2/neu kinase domain (16) .
Reactions were initiated by the addition of 0.25-2.5 μM kinase, carried out for 6-8 min at 30 °C, and stopped by the addition of 10 μl of 100 mM EDTA. To each sample, 10 μl of 10 mg/ml avidin was added, and 25 μl samples were transferred to centrifugal filtration units with 30,000 NMWL membranes (Millipore) and washed three times with 100 μl wash solution (0.5 M sodium phosphate, 0.5 M NaCl [pH 8.5]). Retained 32 P was measured by scintillation counting.
To determine the kinase activity on the liposomes, kinases were incubated with liposomes on ice for 15~25 min before the reaction. Total lipid concentration was 0.5 mg/ml. No glycerol or Tween-20 was present when assaying Her4 kinase activity with liposomes, and the kinase was diluted to 25 nM immediately prior to addition of assay mixture noted above. Activities proved to be linear with time in the ranges used, and the limiting substrate turnover was less than 10% (20% for Her4 with liposomes) for all rate measurements. Duplicate measurements were generally within 15%. Mixing or heterodimerization experiments were performed by adding the two different kinase monomers together at a concentration of 50-100 ng/µl prior to liposome addition.
Binding Studies of Kinase Domains to Liposomes -Aliquots were removed from the binding reactions and diluted to 150 µl in liposome buffer. Liposome-bound proteins were separated from free proteins by ultracentrifugation for 20 min at 120,000xg in a Beckman ultracentrifuge in a TLA 100.1 rotor. An aliquot was removed prior to centrifuging for the total protein and another aliquot of the supernatant was taken after centrifugation for the free protein. The protein samples were separated on a 10% TrisGlycine SDS-PAGE, stained with SimplyBlue (Invitrogen), and analyzed by densitometry. The bound fraction was calculated as the (OD total -OD free )/OD total . Calculation of K d was performed by fitting to a single site binding equation using SigmaPlot 2001 software (Windows version 7.0).
Measurement of AutophosphorylationHer2/neu kinase domain or Her4 kinase domain plus C-terminus (residues 702-1308) proteins were incubated in 30 mM Tris, pH 7.5, 10 mM MgCl 2 , 100 μM Na 3 VO 4 , 2 mM DTT, 100 μM ATP, 1 µCi γ-32 P-ATP, 60 mM NaCl, 5% glycerol, 0.005% Tween-20 in the presence or absence of liposomes containing 5 mol% Ni-NTA-DOGS (total lipid concentration = 0.5 mg/ml). Reactions were initiated by the addition of 1.25 μM kinase, carried out at room temperature, and stopped at the indicated time points using SDS-PAGE loading buffer with 50 mM EDTA. Reactions were run on a 10% SDS-polyacrylamide gel, and visualized using phosphor imaging. Autophosphorylation of Her2/neu Y877 was measured by conducting the same reaction in the absence of γ-32 P-ATP, and performing a Western blot using the Her2/neu phospho-Y877 antibody (Abcam, catalog no. ab47262, dilution 1:10,000).
Results

Her4 kinase domain is activated by dimerizing
on the surface of Nickel-liposomes -The kinase domain of Her4 was made using a baculoviral protein expression system and purified using Nickel-NTA-beads followed by gel filtration chromatography. Protein purity of greater than 95% was achieved (Supplementary Figure 1) . Small unilamellar vesicles containing 5 mol% Ni-NTA-DOGS and 95 mol% DOPC (which we will term "Nickel-liposomes") or 100% DOPC (control liposomes) were prepared by extrusion. The kinase activity of this Her4 kinase domain protein was tested in the absence of liposomes and in the presence of control liposomes or Nickelliposomes. Her4 kinase activity was increased up to 40-fold upon short pre-incubation with the Nickel-liposome (Fig. 1A ). This effect requires both the presence of the Nickel-chelating lipid on the liposomes and the His6 tag on the protein as neither control liposomes nor Her4 kinase domain with the His6 tag removed by TEV protease treatment showed this activation (Fig. 1A) . The activity of the Her4 kinase domain in the presence of control liposomes was the same as activity in the absence of liposomes (Fig. 1A) . Further evidence of the specificity of this effect is shown by competition with imidazole, which will disrupt binding of the His6 tag to the nickel-chelating lipid. Addition of 50 -100 mM imidazole abrogated the increase in Her4 kinase activity observed upon addition of Nickel-liposomes, but had no significant effect on kinase activity measured in the presence of control liposomes (Fig. 1B) .
Based on the similarities between the crystallographic studies of the EGFR and Her4 kinase domains (16) , activation of the Her4 kinase domain is also expected to depend on formation of an asymmetric dimer. Mutation of either the Nlobe surface of this dimer interface, Her4 kinase domain mutant I712Q, or the C-lobe surface, Her4 kinase domain mutant V954R, abrogates the increase in kinase activity observed upon addition of Nickel-liposomes (Fig. 1C) . By mixing these two mutant kinase domain proteins at a 1:1 molar ratio, the N-lobe mutant, Her4 I712Q, which has an intact C-lobe dimerization surface, is able to act as a donor monomer for the C-lobe mutant, Her4 V954R (Fig. 1D) . The mixing of these two mutant Her4 proteins reconstructs the asymmetric dimer interface and is predicted to restore kinase activation. In keeping with this prediction, mixing the N-lobe and C-lobe mutants (Her4 I712Q + V954R) stimulates Her4 kinase activity by 8.4-fold (Fig. 1C) .
Activation of Her4 kinase domain on the surface of Nickel-liposomes shows cooperativityBinding of the Her4 kinase domain protein to the Nickel-liposomes was measured by incubating varying amounts of Her4 kinase domain with a fixed amount of Nickel-liposome and then separating the bound and free protein by ultracentrifugation, which pellets the liposomes. Binding of the His6-tagged Her4 kinase domain to liposomes was well fit by a hyperbolic binding curve (R 2 =0.974). The K d for His6-tagged Her4 binding to Nickel-liposomes was calculated to be approximately 3 µM, as expected for the His6 -Nickel interaction ( Fig. 2A) . In contrast, the activation of Her4 kinase domain on the Nickelliposome showed a clearly sigmoidal dependence on Her4 kinase domain concentration, implying a cooperative process (Fig. 2B ). This complex kinase activation concentration dependence produced a Hill coefficient of 2.1 ± 0.2 (Fig. 2B  inset) . One explanation for this sigmoidal kinetics and Hill coefficient is that kinase activation requires the formation of a kinase domain dimer.
Effect of divalent cations -Divalent cations, such as the physiological cation Mg +2 or nonphysiological cations Mn +2 and Co +2 , are essential cofactors for protein kinase activity, but their effect on kinase activity is complex. Two cation binding sites in the active site of kinases have been defined and binding of cations to the second, lower affinity site can either be stimulatory or inhibitory (25) (26) (27) . It was previously reported that Her4 kinase activity is higher in the presence of Mn +2 than with Mg +2 , but that Mn +2 concentrations > 0.5 mM resulted in a reduction in Her4 kinase activity (28) .
Because Mn +2 is widely used in the in vitro assay of tyrosine kinases to increase kinase activity, we sought to determine if the choice of cation influences the activation of Her4 by the Nickel-liposomes.
Increase in Her4 kinase activity upon addition of Nickel-liposomes was seen in the presence of 0.1 or 1 mM Mn +2 , though both the relative and absolute increase in kinase activity is less than with 10 mM Mg +2 (Fig. 3A) . In the presence of 10 mM Mn +2 , the activation of Her4 kinase activity by the Nickel-liposomes was lost. The effect of Mn +2 is independent of Her4 kinase domain dimerization because the Her4 Clobe mutant (V954R) which does not dimerize, shows the same response to varying the divalent cation in the absence or presence of Nickelliposomes (Fig 3B) . This suggests that the effects of Mn +2 occur directly on the kinase monomers themselves, most likely at the active site of the kinase. Because Mg +2 is the likely physiological cation utilized by protein kinases and because the activity of Her4 was greatest with 10mM Mg +2 when bound to the Nickel-liposome (Fig. 3A) , we used 10 mM Mg +2 for all further experiments. Enhancement of Her4 and Her2/neu autophosphorylation by dimerization on the Nickel-liposomes -In order to study the effect of the Nickel-liposomes on ErbB receptor autophosphorylation, we expressed a recombinant Her4 protein containing the kinase domain plus the entire C-terminal tail (residues 702 -Cterminal end). This longer Her4 protein, which we will call Her4 kd+tail, contains all of the tyrosine phosphorylation sites identified in a recent mass spectrometry based study of Her4 (29) . Autophosphorylation of Her4 kd+tail protein was markedly enhanced by binding to the Nickelliposomes as compared to that in the absence of liposomes (Fig. 4A) .
Further, a shift in electrophoretic mobility of the autophosphorylated Her4 kd+tail protein was seen, suggesting that a higher stoichiometry of phosphorylation was achieved by the addition of Nickel-liposomes. The time scale of autophosphorylation shown here, 20 seconds to 5 minutes, matches that of the signal transduction events seen upon addition of the Her4 ligands to cells expressing full-length Her4 (5, 30) .
We also wanted to determine how other ErbB family members would behave when bound to the surface of the Nickel-liposomes. The kinase domain of Her2/neu (residues 705-1029) was expressed using the baculoviral system. Similar to Her4, incubation of Her2/neu kinase domain with Nickel-liposomes increased Her2/neu kinase activity (Fig. 5A ), though this effect was more modest than the activation seen with Her4. Her2/neu kinase domain autophosphorylation was tested upon binding to the Nickel-liposomes, and this effect also was markedly increased by the addition of Nickel-liposomes (Fig. 4B) . We previously described a phosphorylation site in the kinase domain of Her2/neu at Y877 (31) . Measurement of Her2/neu Y877 phosphorylation, using a phosphospecific antibody to this site, demonstrates that Y877 phosphorylation is readily detected after a 10 second reaction (Fig. 4B, lower  panel) .
The degree of Her2/neu Y877 phosphorylation seen without liposomes is essentially the same as background (Fig 4B) .
Activation of Her2/neu by heterodimerization -Previous studies on Her2/neu have suggested that it is the preferred heterodimerization partner for the other ErbB receptor tyrosine kinases and that the Her2/neu-Her3 heterodimer, in particular, forms an "oncogenic unit" that contributes to breast cancer proliferation (3, 32) . We expressed the kinase domain of Her3 and mixed it with the Her2/neu kinase domain and Nickel-liposomes to determine if this produced further activation of Her2/neu's kinase activity. Consistent with prior reports (33) , the Her3 kinase domain on its own showed no significant kinase activity, either in the presence of Nickel-liposomes or in the absence of liposomes (Supplementary Table 1 ). As described above, incubation of Her2/neu kinase domain with Nickel-liposomes resulted in a 3.5-fold increase in kinase activity (Fig. 5A) . Addition of Her3 kinase domain in a 1:1 molar ratio to Her2/neu, followed by incubation with Nickel-liposomes, resulted in a 5.5-fold increase in Her2/neu kinase activity as compared to Her2/neu in the absence of liposomes (Fig. 5A) .
We generated a kinase dead mutant of the Her4 kinase domain by mutating the catalytic base Asp843 to Asn (D843N). Mixing Her2/neu kinase domain with kinase dead Her4 in 1:1 molar ratio in the presence of Nickel-liposomes resulted in a 5.9-fold increase in Her2/neu kinase activity (Fig.  5B) . In contrast, performing this same mixing experiment in the absence of liposomes demonstrated no change in Her2/neu kinase activity. Under these conditions, Her2/neu kinase domain was activated to essentially the same extent by Her3 and by Her4 D843N kinase domains (Fig 5A, B) .
Heterodimerization
, because the amino acid residues at their C-lobe contact surface are conserved (18) . To test this prediction, we used the C-lobe mutant, Her4 V954R kinase domain protein, which is unable to dimerize and activate on its own on the surface of the Nickel-liposome, but can form an activated kinase dimer when mixed with other Her4 protein constructs (Fig. 1C  and 6 ). The consequences of this model are shown schematically in figure 6A. When mixed with either the N-lobe mutant, Her4 I712Q, or the kinase dead Her4 mutant, Her4 D843N, along with Nickel-liposomes, Her4 V954R showed a 15-fold increase in kinase activity (Fig. 6B) .
The asymmetric dimer model predicts that Her3 kinase domain and the kinase dead, Her4 D843N kinase domain should be comparable activators of other ErbB kinase domain monomers (18) . We observed that Her3 kinase domain and kinase dead Her4 D843N proteins are able to activate Her2 to the same extent (Fig. 5A, B) . By contrast, there is a striking difference in the ability of these two proteins to activate the C-lobe mutant, Her4 V954R. Mixing Her4 V954R and Her4 D843N kinase domains in the presence of Nickel-liposomes resulted in a 15-fold increase in Her4 kinase activity, whereas mixing Her4 V954R with Her3 kinase domain resulted only in a 2.7-fold increase in Her4 kinase activity (Fig. 6B ). This suggests that there is a functional difference between Her3 kinase domain and Her4 D843N.
To confirm that this functional difference observed between Her3 and kinase dead Her4 was not limited to this mixing experiment with Her4 V954R, we repeated this experiment using Her4 WT kinase domain (Fig. 6C) . Mixing WT Her4 and kinase dead Her4 (D843N) at a 1:1 ratio had minimal effect on Her4's activation. In contrast, mixing Her3 with WT Her4 decreased Her4 activation by 50%. When we increased the ratio of inactive kinase to WT Her4 to 2:1, a similar difference between kinase dead Her4 and Her3 is seen, though the overall activity measured in these conditions is less than the 1:1 mixing because of the higher amounts of inactive kinases present. Unlike WT Her4, Her4 V954R cannot activate itself (as shown in Fig. 6B and 1C ) and therefore it is a useful mutation to use in heterodimerization experiments. As demonstrated here, the results obtained both with Her4 V954R and WT Her4 kinase domains support the same conclusion.
The asymmetric dimer model further predicts that the N-lobe mutant, Her4 I712Q cannot be activated by a kinase dead ErbB monomer, because the Her4 I712Q mutation disrupts the surface where a donor monomer would bind to it (Fig. 6A) . Consistent with this prediction, Her4 I712Q kinase domain shows no activation with either the Her3 or Her4 D843N kinase domains (Fig. 6B) . The 1.2 -1.3 fold increase in Her4 I712Q kinase activity seen here upon addition of Nickel-liposomes is observed with Her4 I712Q kinase domain on its own (Fig. 1C) .
Mutation of predicted Her3 C-lobe surface residues -In order to address the mechanism of this difference between Her4 and Her3, we examined the primary amino acid sequence of the C-lobe surface of Her3 as compared to Her4 and EGFR kinase domains (Fig. 7A) . We used the protein structure of Her4 kinase domain + juxtamembrane segment (PDB accession number 2R4B) to predict which residues in Her3 may be surface residues and involved in the heterodimerization interface (Fig. 7B and C) . Using this information, we hypothesized that Her3 residues 952 ENI 954 or residues A931, Q934, P973, which are largely conserved in Her3 from human to zebrafish, but are different in Her4 and EGFR, may be responsible for this functional difference between Her3 and Her4. We mutated these residues to directly test this prediction. For mutation A, we mutated Her3 at three residues: A931P, Q934P, and P973Q and for mutation B, we changed Her3 residues 952 ENI 954 to ADS. Both of these mutations are intended to make Her3 more "Her4-like". We then tested the effects of these two mutations using kinase assays with Nickel-liposomes (Fig. 7D) . We observed that Her3 mutation B has an increased ability to activate Her4 as compared to WT Her3 kinase domain (6.5-fold versus 3.7-fold) whereas it causes no change in Her3's ability to activate Her2/neu ( Fig. 7D and E) . Like wild-type Her3, Her3 mutation B lacks kinase activity (Supplementary Table 1 ) and therefore, this increased ability to activate Her4 is mediated through heterodimerization. Unlike Her3 mutation B, Her3 mutation A did not increase Her3's ability to activate Her4 kinase domain in this assay. This assay uses the kinase domains only, and therefore, this assay cannot rule-out that Her3 mutation A has some effect on the full-length protein. The ability of Her3 mutation B to increase activation of Her4 suggests that the amino acid sequence differences on the C-lobe surface of the donor monomer affects the degree of heterodimerization and activation between the kinase domains of the ErbB receptors.
Discussion
Use of nickel-chelating lipids and liposomes is potentially applicable to the study of many membrane-associated proteins and protein domains. In this study, we demonstrate that binding of Her4 and Her2/neu to Nickel-liposomes increases their kinase specific activity 40-fold and 3.5-fold, respectively. Her2/neu can be further activated by heterodimerizing with either Her3, which is intrinsically kinase dead, or with a kinase dead mutant of Her4. This activation of the ErbB kinase domains by Nickel-liposomes can be disrupted through competition of the Nickelpolyhistidine interaction with imidazole. Further, while the binding of ErbB kinase domains to the Nickel-liposomes follows a single-site binding model, kinase activation is found to be a cooperative process, with a Hill coefficient of close to 2, consistent with formation of a kinase dimer. Furthermore, mutation of the asymmetric dimer interface, either Her4 mutation I712Q or V954R, eliminates Her4 kinase activation. Mixing of these two mutant kinases allows for reconstitution of a functional asymmetric dimer interface and restoration of activation, providing additional evidence for the formation of an activated kinase domain dimer. We observe that this activation on the surface of the Nickelliposomes is greatest in the presence of Mg +2 , rather than with Mn +2 , and this difference is likely due to direct effects of Mn +2 in the kinase catalytic site rather than an effect on kinase dimerization.
We used this Nickel-liposome based system to probe predictions made by the asymmetric dimer model.
Based on the crystal structure of the EGFR kinase domain asymmetric dimer and multisequence alignment of the four ErbB kinase domains, it was proposed that all ErbB kinase domains should be effective donor monomers (18) . Her3 is intrinsically kinase dead, and one of reasons for this effect is the catalytic base Asp residue, which is conserved among kinases, is an Asn residue in Her3. By making the same amino acid change in Her4 (Her4 D843N), we render Her4 kinase dead and generate a protein that we can directly compare to Her3. We observe that both Her3 and kinase dead Her4 are equally effective in their ability to activate Her2/neu. In contrast, there is a striking difference in the ability of Her3 and kinase dead Her4 to activate Her4. Mutation of Her3 residues 952-954 to the corresponding sequence in Her4 (mutation B) increased the ability of Her3 to activate Her4. This demonstrates that differences in the predicted C-lobe surface amino acids influence the degree of activation between different ErbB kinase heterodimers. We note that Her3 mutation B does not reproduce the full activation seen with kinase dead Her4, and it is likely that additional amino acid residues distant from the C-lobe contact surface also influence how the Her3 kinase domain heterodimerizes.
We observe that the Her2/neu kinase domain showed a smaller degree of activation upon binding to Nickel-liposomes than the Her4 kinase domain. While Her2/neu kinase specific activity is further increased upon heterodimerization with Her3 or Her4 (up to 5.9-fold), it still did not achieve the 40-fold activation observed with Her4 bound to Nickel-liposomes. Prior reports have suggested that the recombinant Her2/neu kinase domain is an intrinsically less active kinase than EGFR or Her4 kinase domains (28, 34) . Her2/neu residues in the loop between the αC helix and the β4 sheet were found to play a major role in controlling the kinase activity of Her2/neu (34) . Mutating residues in this loop to match EGFR (Her2/neu G776S,G778D) or a cancer associated insertion in this loop (Her2/neu G776 YVMA ) significantly increased Her2/neu's kinase activity (34) (35) (36) . We speculate that this may be an evolutionary adaptation as Her2/neu is the only member of the ErbB family which does not bind a ligand. The crystal structure of the Her2/neu extracellular domain has shown that it adopts an extended conformation with its dimerization surfaces exposed (37, 38) . Given that the Her2/neu extracellular domain appears to be "poised" to interact with other EGFR family members, limiting the ability of the Her2/neu kinase domain to be activated by homo-or heterodimerization could represent an important physiologic regulatory mechanism.
An important consideration in the interpretation of these experiments is that they measure the dimerization of the kinase domains only. The extracellular domain, transmembrane domain and the intracellular juxtamembrane region also contribute significantly to homo-and heterodimerization of the ErbB receptor tyrosine kinases (13, 14, 39, 40) , and they are not present in this reconstituted in vitro system. After the initial submission of this report, further biochemical and structural studies on the EGFR intracellular juxtamembrane region were published (41, 42) . These studies clearly demonstrate that the juxtamembrane region contains an activation domain, also called the juxtamembrane latch. The crystal structure of this region demonstrates that the juxtamembrane activation domain of the acceptor monomer cradles the donor monomer (41) . Kinase assays were performed comparing the activity of EGFR constructs containing the juxtamembrane region and the kinase domain in solution to kinase domain only constructs attached to Nickel-liposomes (42) . We anticipate that these juxtamembrane containing protein constructs can also be tested with the Nickel-liposome system. In vivo, the transmembrane domain and the lipids on the inner leaflet of the plasma membrane will affect how the juxtamembrane region interacts with the kinase domain and this can be studied with this in vitro system.
Assaying membrane associated proteins, such as the kinase domains of receptor tyrosine kinases, in the presence of Nickel-liposome has multiple advantages. First, this assay method can be broadly applied to multiple receptor tyrosine kinases. Zhang et al. demonstrated its utility for studies on EGFR (18) . We demonstrate its general applicability to the remainder of the ErbB family. Weis and colleagues recently reported activation of insulin receptor, Tie2, and the Ephrin receptor, EphB2, kinase activity by a nickel-chelating lipid containing nanoparticle (43) . Additionally, this method permits the generation of membrane associated protein complexes in vitro and opens up important research approaches and experimental designs that are not possible in intact cells. The ability to generate a four protein prokaryotic signaling complex on the Nickel-liposomes has been demonstrated (19) . Given that this system permits rapid autophosphorylation of the Her4 Cterminal tail tyrosine sites, testing SH2 containing proteins for their ability to complex in vitro with Her4 and mediate subsequent signaling steps should be feasible.
Nickel-liposomes can also be used to study disease associated mutations in vitro.
An activating mutation in EGFR, L858R, has been found in lung cancer patients who are neversmokers, and this mutation is associated with a markedly enhanced response to EGFR-targeted tyrosine kinase inhibitor drugs (44) (45) (46) . Assaying this mutation using Nickel-liposomes demonstrated that EGFR L858R kinase domain has an approximately 20-fold increase in catalytic efficiency (k cat /K m ) as compared to WT EGFR kinase (18) . In addition, using the dimeric and activated form of tyrosine kinases in small molecule inhibitor screens opens up many important pharmacological and pharmaceutical possibilities. The affinity and detailed structureactivity relationship of inhibitors for the dimeric state of the kinases could be directly probed. Screens for inhibitors of kinase dimerization can also be constructed. Of course, adequate controls to evaluate for effects of lipophilic, small molecules partitioning into liposomes would need to be included.
In conclusion, this nickel-chelating lipidliposome system is potentially applicable to the study of many membrane-associated proteins and protein domains. We demonstrate that Her4 and Her2/neu kinase domains dimerize and become activated upon binding to the Nickel-liposomes. This system is used to induce the formation of ErbB kinase domain heterodimers in vitro. The Her3 kinase domain is found to readily activate Her2/neu but to be a poor activator of Her4, which differs from the prediction made by the asymmetric dimer model, and we observed that mutating Her3 residues 952-954 to the corresponding sequence in Her4 increased Her3's ability to activate Her4. This ability to study ErbB heterodimerization in vitro is a unique feature of the Nickel-liposome system and offers significant future potential for analyzing the function of the entire intracellular half of the EGFR-ErbB family of receptor tyrosine kinases. Carboxypentyl)iminodiAcetic Acid]Succinyl)-Nickel salt; SUV, small unilamellar vesicles. Her3:
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